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Acetylcholine acts on songbird premotor circuitry to 
invigorate vocal output 
Paul I. Jaffe 
Abstract 
 The neuromodulator acetylcholine has a well-established role in enhancing sensory 
perception in states of heightened arousal, but whether acetylcholine acts centrally to exert an 
analogous influence on behavioral outputs is largely unknown. Here we use the quantifiable 
nature of birdsong to investigate how cholinergic tone modulates the cortical song premotor 
nucleus HVC, and influences vocal output. We found that dialysis of the cholinergic agonist 
carbachol into HVC enhanced the vigor of vocal output by increasing the pitch, tempo, 
amplitude and stereotypy of song. These effects did not require input from basal-ganglia 
circuitry, indicating direct cholinergic modulation of song premotor circuitry. Moreover, 
blockade of muscarinic acetylcholine receptors in HVC attenuated natural increases in vigor 
observed when song is directed at females in a courtship context. Neural recordings revealed that 
both dialysis of carbachol and courtship song were associated with higher firing rates in HVC, 
with conspicuous enhancement of low-frequency activity locked to the underlying rhythm of 
song. Further, neural activity in HVC predicted behavioral variability on a trial-by-trial basis, 
consistent with the possibility that natural variation in cholinergic tone influences acoustic 
output. Our findings establish that acetylcholine exerts a potent influence on forebrain premotor 
circuitry that acts to invigorate motor output, and indicates that such modulation contributes to 
the natural invigoration of song during courtship.  
 v 
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Chapter 1: Introduction 
 Chapters 1, 2, and 4 describe how acetylcholine acts on the songbird premotor nucleus 
HVC to invigorate song, and comprise the primary body of work conducted during the course of 
my Ph.D. These chapters are expected to be published with minor alterations in late 2019 or 
early 2020. Chapter 3 describes additional analyses related to understanding the relationship 
between neural activity in HVC and behavioral variability. The discussion in Chapter 4 serves as 
a common discussion for the findings in Chapters 2 and 3.  
 
 
  
The neuromodulator acetylcholine drives global changes in brain state as a function of 
arousal and vigilance (Buzsaki et al., 1988; Lee and Dan, 2012; Metherate et al., 1992). 
Numerous studies have demonstrated that elevated acetylcholine can act directly on cortical 
sensory circuitry to enhance the processing of sensory stimuli in a manner that is thought to 
contribute adaptively to attentional processes and heightened perceptual sensitivity (Fu et al., 
2014; Herrero et al., 2008; Pinto et al., 2013). Though there are extensive cholinergic projections 
to motor cortical regions (Eckenstein et al., 1988; McKinney et al., 1983; Raghanti et al., 2008), 
there has been little attention paid to whether acetylcholine exerts analogous effects on cortical 
premotor circuitry during states of heightened arousal. Here we use the songbird as a model 
system to test whether and how acetylcholine acts on forebrain premotor circuitry to modulate 
movements.  
 Multiple lines of evidence motivate the possibility that acetylcholine acts centrally to 
increase 'movement vigor', which refers to the speed, amplitude, and frequency with which 
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movements are produced (Dudman and Krakauer, 2016). First, anatomical and functional studies 
of cholinergic neurons are consistent with the view that acetylcholine contributes to motor 
behavior. There are strong cholinergic projections to motor cortical regions originating from the 
nucleus basalis (NBM; Eckenstein et al., 1988; McKinney et al., 1983; Raghanti et al., 2008), 
and cholinergic neurons become more active during locomotion and other movements 
(Eggermann et al., 2014; Hangya et al., 2015; Nelson and Mooney, 2016; Reimer et al., 2016). 
Some studies that have selectively lesioned cholinergic neurons in the NBM of rats have reported 
abnormal reaching movements (Gharbawie and Whishaw, 2003), deficits in motor coordination 
(Galani et al., 2002), and reductions in swimming speed (Berger-Sweeney et al., 1994). Further, 
electrical stimulation of the NBM increases the amplitude and duration of vibrissae movements 
induced by electrical stimulation of the motor cortex (Berg et al., 2005).  
 Second, variation in the state of arousal is associated with variation in motor vigor. This 
is especially apparent for speech production, where greater arousal is associated with increases in 
the pitch, amplitude, and tempo of speech (Banse and Scherer, 1996; Fairbanks and Pronovost, 
1938; Leinonen et al., 1997). Studies in animal models have found that greater arousal, measured 
by heart rate or pupil diameter, is correlated with faster reaction times (Lovett-Barron et al., 
2017; McGinley et al., 2015). Similarly, numerous studies in human subjects have documented 
that arousing stimuli, such as unpleasant images, sudden loud noises, or cues that signal reward, 
can enhance the vigor of saccades, reaching movements, and forward step initiation (Bouman et 
al., 2015; DiGirolamo et al., 2016; Summerside et al., 2018). Consistent with this, athletes use a 
variety of means to increase arousal (colloquially getting ‘psyched up’) including listening to 
loud music and inhaling ammonia salts, which may enhance strength or speed in performance 
settings (Bartolomei et al., 2018; Bishop et al., 2009; Karageorghis et al., 1996). 
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 Finally, diseases of the cholinergic system, such as Alzheimer’s disease, are often 
associated with movement and speech abnormalities that can include reduced movement vigor, 
such as diminished grip strength, slower reaching movements, slower gait, and loss of verbal 
fluency (Buchman et al., 2007; Ferris and Farlow, 2013; Goldman et al., 1999). Collectively, 
while these observations motivate the idea that acetylcholine could modulate motor cortical 
regions to enhance movement vigor in states of arousal, there have been no direct tests of this 
possibility.  
 Birdsong provides a particularly attractive model for linking cholinergic modulation of 
premotor circuitry to movement invigoration. Song is a learned motor skill that is readily 
quantified with well-defined neural substrates. The forebrain premotor nucleus HVC and motor 
nucleus RA are essential for song adult song production, and are analogous to mammalian vocal 
premotor and motor cortex, respectively (Figure 2.1A). Because these structures are dedicated to 
song production, it is possible to manipulate and record activity at loci that are specifically linked 
to quantifiable behavioral output. Anatomically, HVC receives strong cholinergic innervation 
from the basal forebrain (Ryan and Arnold, 1981; Zuschratter and Scheich, 1990), as is the case 
for mammalian motor cortex (Eckenstein et al., 1988; McKinney et al., 1983; Raghanti et al., 
2008).  Moreover, cholinergic modulation has been shown to influence sensory responses in 
HVC of anesthetized birds (Shea and Margoliash, 2003), and the excitability of HVC neurons in 
vitro (Shea et al., 2010). 
 Like speech, song is naturally produced in states of greater or lesser arousal which are 
associated with changes in motor vigor. Male songbirds sing ‘undirected’ song in isolation, but 
also sing a 'female directed' song during courtship that is associated with greater pitch and 
tempo, altered song amplitude, and reduced variability from one rendition to the next (Cooper 
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and Goller, 2006; Hampton et al., 2009; James and Sakata, 2015; Sakata et al., 2008; Suri and 
Rajan, 2018). Consistent with the notion that directed song reflects a state of greater 
physiological arousal, pre-song heart rate is faster for directed song than undirected song 
(Cooper and Goller, 2006). However, as in mammalian systems, the extent to which cholinergic 
action on motor forebrain regions contributes to these arousal-related changes to behavior has 
not been examined. 
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Chapter 2: Acetylcholine acts on songbird premotor 
circuitry to invigorate vocal output  
 
2.1. Acetylcholine invigorates song and increases song stereotypy 
To determine how acetylcholine influences song, we microdialyzed the cholinergic 
agonist carbachol into the premotor nucleus HVC of adult male Bengalese finches (L. domestica) 
that were signing alone (‘undirected song’) (Figure 2.1A; carbachol concentration 250uM – 
1mM, n = 8 birds). Carbachol did not elicit gross changes to the structure of song or individual 
acoustic elements, referred to as 'syllables' (Figure 2.1B). However, quantitative analysis 
revealed a number of consistent effects that largely paralleled those observed during directed 
song, including an increase in pitch, amplitude, tempo, and stereotypy of acoustic structure 
across renditions. 
To quantify effects on pitch, we identified syllables with well-defined harmonic structure 
and computed the normalized fundamental frequency of each syllable (drug/baseline) in a two 
hour period during carbachol infusion relative to a baseline period prior to drug infusion (see 
Methods). To control for possible circadian fluctuations in behavior (Wood et al., 2013), we 
compared the magnitude of changes following carbachol infusion to the magnitude of changes in 
response to control saline infusion, following the same procedure on alternate days. Compared to 
saline, carbachol elicited robust increases in pitch, comparable to pitch increases observed during 
directed song (Figures 2.1C and 2.1D; increase in pitch for carbachol: 1.2 ± 0.2%, mean ± s.e.m.; 
saline: 0.3 ± 0.1%; carbachol vs. saline, p = 8.8e-4, sign-rank test).  
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To quantify effects on song tempo, we calculated changes to the mean duration of 
stereotyped syllable sequences in each bird's repertoire. We found that carbachol elicited robust 
increases in tempo, similar to those observed during directed song (Figures 2.1F and 2.1G, 
decrease in sequence length for carbachol: 2.8 ± 0.4%, mean ± s.e.m.; saline: 0.3 ± 0.2%; 
carbachol vs. saline, p = 2.4e-4, sign-rank test).  
To quantify effects on song amplitude, we averaged the smoothed amplitude envelope of 
each syllable over the middle 80% of the syllable (see Methods). The amplitude of individual 
syllables is modulated during directed song, though not always in a consistent direction (Suri and 
Rajan, 2018). We found that on average carbachol increased song amplitude relative to saline 
controls (Figures 2.1H and 2.1I; increase in amplitude for carbachol: 8.3 ± 2.5%, mean ± s.e.m.; 
saline: 1.0 ± 1.6%; carbachol vs. saline, p = 0.012, sign-rank test). 
 Increases in motor vigor have often been observed to occur in conjunction with increased 
stereotypy of movements in other systems (Manohar et al., 2015; Summerside et al., 2018), and 
across-rendition stereotypy of acoustic structure is increased during directed song. To determine 
if greater motor vigor is associated with increased stereotypy in song, we quantified changes to 
the coefficient of variation (c.v.) of pitch produced by carbachol, a measure that has been used to 
quantify acoustic variability in other songbird studies (Hampton et al., 2009; Kao et al., 2005). 
We found that carbachol produced significant increases in stereotypy, as measured by reduced 
pitch c.v. (Figures 2.1C and 2.1E; reduction in pitch c.v. for carbachol: 12.5 ± 1.6%, mean ± 
s.e.m.; saline: 1.4 ± 2.7%; carb vs. saline, p = 0.0014, sign-rank test).  
We additionally tested whether carbachol dialyzed into HVC altered the sequencing of 
syllables. This analysis was motivated by the observation that directed songs may exhibit 
systematic changes in the sequencing of syllables relative to undirected songs (Sossinka and 
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Bohner, Hampton et al. 2009, Sakata et al. 2008).  In particular, at points of sequence variability 
in Bengalese finch song, where a given syllable can transition to two or more subsequent 
syllables, the probability of transitions on average is shifted such that the more dominant 
transition is produced more frequently during directed song. To quantify effects on sequencing, 
we separately measured changes to transition probabilities induced by carbachol for two types of 
sequence variability: 1)  ‘divergent branch points’, in which a given syllable transitions 
probabilistically to two or more different syllables (Figure S2.1A, n = 15 branch points from 7 
birds) and 2) ‘syllable repetitions’, in which a given syllable transitions probabilistically to itself 
a variable number of times, before transitioning to the next syllable in song (Figure S2.1D).  For 
6 out of 15 divergent branch points, carbachol significantly affected transition probabilities, 
while only one of these branch points changed significantly following saline infusion (p<0.05, 
generalized likelihood ratio test for homogeneity; Methods, Figure S2.1B). Additionally, the 
average magnitude of change in transition probability for carbachol experiments was 
significantly larger than for saline control experiments (Figure S2.1C).  For syllable repetitions,  
carbachol produced a significant increase in the number of times a syllable was repeated in 
succession before transitioning to the next syllable, as is the case for directed song (Figure 
S2.1E, p = 0.031, two-sided sign-rank test, n = 6 birds, 7 repeat syllables). Moreover, more 
variable repeat sequences were more affected by carbachol, as has been observed for temperature 
manipulations of HVC (Figure S2.1F, Zhang et al., 2017).  Hence, carbachol dialyzed into HVC 
caused significant changes to aspects of sequence variability that are also affected by social 
context, and in the case of syllable repetitions caused a significant shift towards more 
stereotyped sequences (greater number of repetitions) as is observed in directed song. 
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 Next, we investigated the pharmacology underlying cholinergic modulation of song. 
Carbachol acts on both major classes of acetylcholine receptor (muscarinic and nicotinic), and 
both classes of receptors are expressed in HVC (Asogwa et al., 2018; Ball et al., 1990; Watson et 
al., 1988). To determine if the behavioral effects of carbachol were mediated by one or both 
classes of receptors, we microdialyzed carbachol in combination with antagonists of either 
muscarinic or nicotinic receptors into HVC (n = 5 birds). For pitch, pitch c.v., and amplitude, we 
found that the effect produced by carbachol was blocked by the muscarinic antagonist atropine 
(500uM-2mM) but not by the nicotinic antagonists MEC and MLA (MEC: 400uM, MLA: 
100uM; Figures 2.1D, 2.1E and 2.1I). For tempo, we observed a non-significant trend toward 
attenuation by atropine compared to MEC+MLA (Figure 2.1G). These data indicate that 
activation of muscarinic receptors is largely responsible for the invigoration of acoustic 
parameters of song syllables by carbachol. 
 
2.2. Acetylcholine invigorates movement via the motor pathway 
In principle, acetylcholine could act to invigorate song through either of two major 
pathways emanating from HVC: the motor pathway, via a direct projection from HVC to RA, or 
through basal ganglia circuitry via an indirect pathway from HVC->Area X->DLM->LMAN-
>RA (the Anterior Forebrain Pathway or ‘AFP’, Figure 2.2A). Previous studies in mammalian 
systems have identified the basal ganglia as a key locus for the modulation of motor vigor 
(Panigrahi et al., 2015; Yttri and Dudman, 2016), supporting the possibility that the effects of 
carbachol infusion into HVC could reflect primarily an influence on AFP circuitry. Further, a 
number of studies in songbirds have identified the AFP as a critical site for social modulation of 
pitch variability that occurs during directed song (Hampton et al., 2009; Kao and Brainard, 2006; 
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Kao et al., 2005; Stepanek and Doupe, 2010), and electrical microstimulation within the AFP 
output nucleus LMAN can elicit acute changes to pitch and amplitude (Kao et al., 2005).  
 To determine whether basal ganglia circuitry contributes to the acoustic changes 
produced by carbachol, we microdialyzed carbachol into HVC while inactivating LMAN with 
muscimol (Figure 2.2A, n = 4 birds). LMAN is the main output nucleus of the AFP, and 
muscimol inactivation of LMAN disconnects the AFP from the song motor pathway. As in 
previous studies, infusion of muscimol caused a significant decrease in pitch variability, 
confirming that LMAN was effectively inactivated (Figure 2.2F). However, even when LMAN 
was inactivated in this fashion, infusion of carbachol into HVC caused increases in pitch, 
amplitude, tempo, and song stereotypy (Figures 2.2B-2.2F). For all of these features, the 
increases produced by the combined carbachol + LMAN inactivation condition were greater than 
changes produced by LMAN inactivation alone (p < 0.05 for pitch, amplitude, and tempo; p = 
0.084 for pitch c.v.; sign-rank test). Moreover, for each feature, the sum of changes elicited by 
carbachol and LMAN inactivations individually was not significantly different from the 
combined carbachol + LMAN inactivation condition (p > 0.05 in each case, sign-rank test). 
These results indicate that increased cholinergic tone in HVC modulates song via primary motor 
circuitry independently of input from the songbird basal-ganglia. 
 
2.3. Acetylcholine increases neural activity in HVC 
 To further understand the mechanism by which acetylcholine influences behavior, we 
recorded multi-unit neural activity in HVC of singing Bengalese finches before and after 
microdialysis of carbachol (Figure 2.3A). We focused on recording multi-unit activity, since 
stable recordings of isolated single units are difficult to maintain for multiple hours in 
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conjunction with pharmacological manipulations, as required for these experiments. Following 
microdialysis of carbachol, we observed that the pattern of neural modulation with respect to 
song features was largely preserved (Figure 2.3B and S2.2): the mean correlation coefficient 
between syllable-aligned firing rates before and after carbachol was 0.92 (0.92 ± 0.0098, mean ± 
s.e.m., n = 202 multi-unit sites x syllables, 26 unique multi-unit sites, 5 birds). The similarity in 
firing patterns before and after carbachol is consistent with the absence of gross disruptions to 
song, and demonstrates that our recording sites were largely stable for the duration of the 
experiment.  
 To determine if acetylcholine had a net suppressive or excitatory effect on HVC activity, 
we computed trial-averaged firing rates aligned to syllable onsets, for each multi-unit site and 
syllable (Figure 2.3B and S2.2). Averaging across all sites and syllables, we found that carbachol 
increased multi-unit firing rates in HVC relative to baseline (Figure 2.3C). In contrast, saline 
control experiments had no effect on HVC firing rates (Figure 2.3D). To quantify the magnitude 
of this effect, we calculated the difference in firing rate between carbachol and baseline in 
different windows around syllable onsets (Figure 2.3E). We found that the increase in firing rate 
elicited by carbachol was significantly greater than that produced by saline in both a 30ms 
window preceding syllable onsets, and a 30ms window just after syllable onsets (p < 5e-4 in both 
cases, rank-sum test). Similar results were obtained for a range of different windows. 
 The reduction in behavioral variability we observed during microdialysis of carbachol led 
us to consider the possibility that this was caused by a corresponding reduction in neural 
variability in HVC. To evaluate this, we measured the Fano factor (across-trial spike count 
variance/mean spike count) for each multi-unit site and syllable, in different windows around 
syllable onsets (Figure 2.3F). On average, the change in Fano factor produced by carbachol was 
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not significantly different from that produced by saline (p = 0.92, 30ms window prior to syllable 
onsets; p = 0.15, 30ms window after syllable onsets, rank-sum test). We also evaluated neural 
variability by calculating the spike count variance. We found no significant difference between 
carbachol and saline in the window prior to syllable onsets (p = 0.38, rank-sum test), and 
observed a slight tendency for carbachol to increase neural variability in the window after 
syllable onsets (p = 0.037). As such, we did not find evidence to support the possibility that the 
reduction in behavioral variability was caused by reduced neural variability in HVC.  
 In general, the firing rate changes elicited by carbachol were complex, and varied in 
magnitude relative to acoustic features of song (Figure 2.3B and S2.2). Nonetheless, we 
considered whether simple transformations of the baseline firing rate function could account for 
the observed firing rate changes. For each syllable-aligned firing rate function, we evaluated how 
well the change produced by carbachol was captured by an additive model, in which the baseline 
firing rate was shifted up or down by a constant amount, and a multiplicative model, in which the 
baseline firing rate was multiplicatively scaled by a constant amount (see Methods). Consistent 
with our qualitative observations, both models failed to account for the data in the vast majority 
of cases. We evaluated how well each model described the change in firing rate by a relative 
distance index that quantifies the how far the best-fitting model is from the carbachol rate 
function, relative to the distance between the baseline and carbachol rate functions (see Methods, 
referred to as 'distance index'). For this index, which ranges from zero to one, a value of one 
indicates that the best-fit model fully captures the transformation produced by carbachol, while a 
value of zero indicates that none of the transformation has been accounted for. Across multi-unit 
sites and syllables, the median of the distance index was 0.41 for the additive model, and 0.42 for 
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the multiplicative model, indicating that both models accounted for less than half of the firing 
rate change produced by carbachol in the majority of cases.  
 Despite this apparent complexity, we observed a tendency for carbachol to produce 
greater firing rate increases prior to syllable onsets than within the syllable (Figures 2.3C and 
2.3E). In the 100ms window around syllable onsets, the increase in firing rate produced by 
carbachol exhibited a sharply-peaked maximum of 33Hz at -25ms relative to syllable onsets, and 
a minimum of 13Hz at 14ms. Additionally, the firing rate increase produced by carbachol was 
significantly greater in the 30ms window preceding syllable onsets than in the 30ms window just 
after syllable onsets (Figure 2.3E, p = 1.1e-4, sign-rank test). In summary, we found that 
carbachol had a net excitatory influence on population-level activity within HVC, and tended to 
differentially increase firing rates relative to syllable onsets.  
 
 
2.4. Acetylcholine enhances low-frequency rhythmic activity in HVC 
The observation that carbachol preferentially increases activity prior to syllable onsets led 
us to conduct a more detailed set of analyses relating the firing rate changes elicited by carbachol 
to the underlying rhythm of song. Previous analyses of zebra finch song have found that both the 
song amplitude envelope and HVC population activity exhibit a slow rhythmic modulation in the 
5-10Hz range, with HVC activity peaking ~20ms prior to syllable onsets and reaching a 
minimum ~20ms prior to syllable offsets (Lynch et al., 2016; Saar and Mitra, 2008). Consistent 
with these prior observations, we found that population-level activity in HVC of Bengalese 
finches was rhythmically modulated relative to syllable onsets (Figures 2.3C and 2.3D).  
 To relate the firing rate changes elicited by carbachol to the underlying rhythm of song, 
we calculated the population average spectrum of multi-unit spike trains before and after 
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carbachol (Figures 2.4A, 2.4B and S2.3A; n = 25 multi-unit sites from 5 birds). Spike train 
spectra were computed after aligning trials to the onset of stereotyped sequences of syllables 
from each bird's song (see Methods). We observed a broad peak in the 5-10Hz range of the 
population average spike train spectrum, similar to previous reports in zebra finches (Lynch et 
al., 2016). Further, each bird exhibited a peak in the coherence between population spike trains 
and song amplitude in the 5-10Hz range (Figure S2.3C, max at 6.3Hz, averaged across 5 birds).  
 Interestingly, we found that carbachol preferentially increased power at frequencies 
below 10Hz (Figures 2.4A and 2.4B), a pattern we observed in four out of five birds (Figure 
S2.3A). Averaged across recording sites, carbachol produced a significant increase in power in 
the 0-10Hz range relative to baseline (p = 1.6e-4, sign-rank test; mean ± s.e.m. increase in power 
of 24 ± 6.3%; n = 25 multi-unit sites from 5 birds). In contrast, we did not observe a significant 
increase in power for saline control experiments in this frequency range (Figure 2.4C and S2.3B; 
p = 0.79, sign-rank test; mean ± s.e.m. increase in power of 1.5 ± 6.4%; n = 12 multi-unit sites 
from 4 birds). The magnitude of increase in power in the 0-10Hz range was also significantly 
greater for carbachol than for saline controls (p = 0.034, rank-sum test). Thus, carbachol 
preferentially enhances spiking activity at frequencies corresponding to the underlying rhythm of 
song.  
 
2.5. Acetylcholine contributes to the social modulation of song 
 The influence of cholinergic modulation on undirected song (produced by males singing 
in isolation) parallels changes to song that are elicited by introduction of a female in a courtship 
context (directed song). This similarity prompted us to wonder if cholinergic signaling in HVC 
contributes to social modulation of song. To investigate this possibility, we microdialyzed either 
saline or the muscarinic antagonist atropine into HVC while birds sang directed and undirected 
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song during interleaved sessions (Figure 2.5A). Different conditions (saline vs. atropine), were 
tested on different days in the following order: saline pre, atropine, and saline post (Figure 2.5B). 
We measured the magnitude of social modulation of song features by computing a normalized 
quantity (directed/undirected) for each feature. As previously reported (Hampton et al., 2009; 
James and Sakata, 2015; Sakata et al., 2008), directed song was faster, more stereotyped, and 
higher in pitch than undirected song (Figures 2.5D - 2.5F, saline conditions). We found that 
atropine significantly attenuated the social modulation of pitch c.v. and pitch (Figures 2.5C-
2.5E). In contrast, we did not find significant attenuation of the increase in song tempo, though 
small sample and effect sizes may have precluded our ability to detect a significant effect (Figure 
2.5F). Importantly, while pitch and pitch c.v. effects were attenuated by atropine, pitch, pitch 
c.v., and tempo were all still significantly modulated by social context (p < 0.05 in each case, 
sign-rank test). The observation that these features still exhibited some degree of social 
modulation with atropine argues against a non-specific impairment of perceptual processes that 
are required to engage in directed song (for example, an inability to recognize the presence of a 
female). 
 In principle, an attenuation by atropine of the differences between directed and 
undirected song could reflect an influence of atropine on songs produced in either, or both, of the 
social contexts. When we examined the data split by condition (directed vs. undirected), we 
found that atropine had a significant effect in decreasing the stereotypy of directed song (towards 
the greater variability normally present in undirected song), but had no effect on the variability of 
undirected song (Figure S2.4A). Similarly, the mean pitch of directed, but not undirected songs, 
was significantly lower with atropine compared to the saline pre and post conditions (Figure 
S4B). No significant differences in song tempo were observed between conditions for either 
 15 
directed or undirected songs (Figure S2.4C). The specific effects of atropine that we observed on 
directed but not undirected song argues for the attenuation of a process that is actively engaged 
during directed song, rather than an effect primarily on undirected song. Thus, these results 
indicate that activation of muscarinic receptors in HVC during natural conditions of heightened 
arousal contributes to the increased pitch and reduced pitch variability of directed song. 
 
 
 
2.6. HVC activity is modulated by social context 
The finding that cholinergic signaling within HVC contributes to social modulation of 
song led us to wonder if directed song and microdialysis of carbachol elicit similar changes to 
HVC activity. To determine how social context influences HVC activity, we used a similar 
multi-unit recording approach to that which we had deployed to assess the influences of 
carbachol on HVC activity; however, instead of pharmacological manipulations we varied the 
social context in which bird’s sang during interleaved recording sessions (Figure 2.6A, n = 5 
birds). While previous neural recordings within HVC have not found conspicuous social 
modulation of neural activity in HVCX projection neurons, differences in IEG expression within 
HVC have been reported (Matheson et al., 2016), suggesting some degree of modulation by 
social context, possibly restricted to the other cell classes within HVC (the HVCRA projection 
neurons and HVC interneurons). We therefore focused on recording multi-unit activity, which 
should sample from all cell classes within HVC. 
 To determine how social context influences multi-unit firing rates within HVC, we 
computed trial-averaged firing rates aligned to syllable onsets separately for directed and 
undirected trials. As observed after microdialysis of carbachol, we found that the pattern of 
neural modulation with respect to song features was largely conserved across social contexts: the 
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mean ± s.e.m. correlation coefficient between directed and undirected firing rates was 0.90 ± 
0.010 (Figure 2.6B and S2.5, n = 151 multi-unit sites x syllables, 15 unique multi-unit sites, 5 
birds). While firing patterns across social contexts were largely similar, we found that multi-unit 
firing rates were consistently higher during directed song, as observed after microdialysis of 
carbachol (Figures 2.6B, 2.6C, 2.6D and S2.5). A raster plot and smoothed firing rates for one 
example site are shown in Figure 2.6B. For this site, directed song was associated with a 
consistent increase in activity, as revealed by calculating mean firing rates for each block of 
directed or undirected trials (Figure 2.6B, bottom panel; additional examples in Figure S2.5).  
 The magnitude of firing rate increase and pattern of modulation observed during directed 
song were similar to that produced by carbachol. Firing rates during directed song were 
significantly greater than undirected song in both a 30ms window prior to syllable onsets and a 
30ms window just after syllable onsets (Figure 2.6D, p < 1e-9 in both cases, sign-rank test). For 
both time windows, the magnitude of firing rate increase observed during directed song was not 
significantly different from that observed during microdialysis of carbachol (p > 0.05 in both 
cases, rank-sum test; -30 to 0ms window: mean ± s.e.m. firing rate increase of 27 ± 3.8Hz for 
carbachol, 27 ± 3.7Hz for directed; 0 to 30ms window: 18 ± 3.4Hz for carbachol, 18 ± 2.1Hz for 
directed). As for carbachol, we found that the magnitude of firing rate increase was significantly 
greater in the window prior to syllable onsets than after syllable onsets (Figure 2.6D, p = 0.011, 
sign-rank test). In the 100ms window centered on syllable onsets, the average firing rate 
difference exhibited a maximum of 32Hz at -21ms, and a minimum of 8.2Hz at 34ms. We also 
determined if the firing rate transformation observed during directed song could be explained by 
either an additive or multiplicative scaling of the undirected firing rate function (see Methods). 
In good agreement with the complex firing rate changes observed during carbachol, both additive 
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and multiplicative models yielded poor descriptions of the firing rate transformation observed 
during directed song. The median distance index (see Methods) used to evaluate how well these 
models explained the change in firing rate was 0.269 for the additive model, and 0.268 for the 
multiplicative model, indicating as for carbachol that both models accounted for less than half of 
the firing rate change observed during directed song in the majority of cases.  
 Since we observed that carbachol enhanced spiking activity at lower frequencies (0-
10Hz), we determined if directed song was similarly associated within enhanced spiking activity 
at frequencies corresponding to the underlying rhythm of song. Indeed, we found that directed 
song was associated with strong enhancement of spiking activity at lower frequencies (Figure 
2.6E and S2.6). Averaged across recording sites, we observed a significant increase in power in 
the 0-10Hz range relative to undirected song (p = 0.022, sign-rank test; mean ± s.e.m. increase in 
power of 22 ± 11%; n = 13 recording sites from 5 birds). The magnitude of this increase in 
power during directed song was not significantly different from that observed during 
microdialysis of carbachol (p = 0.62, rank-sum test). In summary, we discovered a previously 
unknown influence of social context on HVC spiking activity, namely that population-level 
activity is greater during directed song than undirected song. Further, we observed that the 
pattern and magnitude of neural modulation for microdialysis of carbachol and social modulation 
of song were similar, supporting the view that acetylcholine drives increased motor vigor by 
mechanisms that are naturally engaged in a state of behavioral arousal. 
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2.7. Methods 
Statistics. 
Unless noted otherwise, we used non-parametric two-sided tests for comparing two samples: the 
Wilcoxon rank-sum test for unpaired data and the Wilcoxon signed-rank test for paired data. 
Details for all statistical tests are included in the figure legends and/or the main text. For all tests, 
we rejected the null hypothesis if p < 0.05. No statistical methods were used to predetermine 
sample sizes, though our sample sizes are comparable to those used in previous publications 
(Sakata and Brainard, 2008; Sober et al., 2008; Stepanek and Doupe, 2010). Unless noted 
otherwise, data collection and analysis were not performed blind to experimental conditions. 
Details on randomization of conditions are discussed in the relevant methods section where 
applicable. A small number of syllables with very low sample sizes were excluded; details are 
given in the corresponding methods section. For pitch, tempo, and amplitude measurements, a 
simple heuristic was used to remove outliers (described in detail below). For amplitude analyses, 
we excluded a small number of experiments (3/75, combined across conditions) in which large 
(>25%) and sudden changes in amplitude occurred, as these were likely caused by the bird 
changing its orientation with respect to the recording microphone (described in detail below). All 
analyses were performed using custom-written MATLAB (Mathworks) software. 
 
Subjects. Data were collected from 25 adult male Bengalese finches (Lonchura striata 
domestica; microdialysis only: n = 15; microdialysis + electrophysiology: n = 5; 
electrophysiology only: n = 5). Two birds with indeterminate ages were obtained from outside 
vendors (n = 1) or other songbird labs (n = 1); these birds had adult-like song and physical 
characteristics. All other birds were bred in the University of California, San Francisco (UCSF) 
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breeding facility. The ages of these birds ranged from 124 to 239 days at the start of experiments. 
Adult female Bengalese finches (>120 days old) were used to obtain directed song. During 
experiments, male birds were individually housed in sound-attenuating chambers (Acoustic 
Systems) on a 14h:10h light:dark cycle with food and water provided ad libitum. All procedures 
were performed in accordance with protocols approved by the UCSF Institutional Animal Care 
Use Committee. 
 
Song recording. Audio was recorded in a custom-written Labview program (National 
Instruments; digitized at 32kHz) using an omnidirectional lavalier microphone (Countryman), or 
with a USB interface board (Intan; digitized at 30kHz) using a custom-made microphone and 
pre-amplifier system.     
 
In vivo microdialysis.  
Guide cannulae (CMA 7, CMA Microdialysis) were implanted into HVC or both HVC and 
LMAN using stereotaxic coordinates. For combined electrophysiology/microdialysis 
experiments, cannulae were implanted unilaterally in the left HVC (n = 5 birds). For all other 
experiments, cannulae were implanted bilaterally (HVC + LMAN: n = 4 birds; HVC only: n = 11 
birds). After birds recovered from surgery, we inserted microdialysis probes into the cannulae 
(CMA 7; 0.24-mm diameter, 1-mm diffusion membrane, 6-kDa diffusion pore size).  
 Dialysis probes were connected to fluid pumps through flexible tubing. In some cases, a 
fluid switch (BASi Uniswitch) was used to switch between solutions; otherwise, solutions were 
exchanged by hand. Outflow was continually monitored throughout the duration of the 
experiment. In some cases, we observed leakage from the dialysis tubing or diminished flow as 
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indicated by the volume of the outflow. These experiments were excluded from summary 
analyses and dialysis probes were replaced for subsequent experiments. For the baseline period 
of an experiment, we infused saline at a rate of 1-1.5uL/min. For experiments without combined 
electrophysiology, solutions were exchanged to either saline (for control experiments) or drug 
(carbachol, muscimol, etc.) after 2-3 hours. To control for possible circadian fluctuations in 
behavior, solutions were exchanged at the same time each day across experiments. For 
experiments with combined electrophysiology, the exact duration and time of day that solutions 
were exchanged varied depending on when the bird sang. For animals in which we tested 
multiple different conditions (e.g., carbachol vs. carbachol + atropine), each condition was 
repeated a variable number of times on different days in a randomized order. At least one full 
day of saline-only infusion was allowed between consecutive drug infusion experiments.  
In a subset of animals we conducted a series of pilot experiments to determine effective 
drug concentrations. For carbachol experiments, we increased the concentration of carbachol 
until a clear pitch effect was observed, up to a maximum concentration of 1mM. In one case, the 
initial concentration of carbachol (500uM) caused the bird to call continuously and was reduced 
on subsequent experiments to 250uM. For LMAN inactivation experiments, we increased the 
concentration of muscimol until a clear reduction in pitch c.v. was observed, or reduced the 
concentration if birds did not sing. For combined microdialysis and electrophysiology 
experiments, no pilot experiments were conducted and all experiments were conducted at a 
concentration of 1mM. Pilot experiments were not included in summary analyses. No formal 
procedure was used to establish effective concentrations of the acetylcholine receptor 
antagonists; we included all experiments conducted at the highest concentration. The final 
concentration of drugs used in this study is as follows. Carbachol (Santa Cruz Biotechnology): 
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250uM-1mM; muscimol (Tocris): 250uM-1mM; mecamylamine hydrochloride (Sigma): 400uM; 
atropine sulfate (Sigma): 500uM-2mM; methyllycaconitine citrate salt (Sigma): 100uM. 
 
In vivo electrophysiology.  
For experiments in which we combined electrophysiology with microdialysis (n = 5 birds), 
extracellular recordings from HVC were obtained with custom-designed commercial tungsten 
electrode arrays (MicroProbes, 6MOhm electrode impedances, n = 1 bird), multi-site silicon 
electrode arrays (NeuroNexus, A4x4-3mm-50-125-413-H16_21mm, n = 1 bird), or custom-
designed tungsten electrode arrays assembled in-house (FHC or MicroProbes, electrode 
impedances ranged from 0.5MOhm to 10MOhm, n = 3 birds). Electrode arrays were positioned 
using a custom hand-driven microdrive.  
 For all other experiments, recordings were obtained with tungsten electrode arrays 
assembled in-house (MicroProbes, electrode impedances were 0.5MOhm for multi-unit 
recordings and 5-6MOhm for single-unit recordings). Electrode arrays were positioned using a 
custom hand-driven microdrive, or a custom motorized microdrive (Faulhaber motor, n = 1 bird). 
 Neural data were amplified, band-pass filtered (1-7500Hz), and digitized (30kHz) with a 
commercially available head-mounted amplifier board (Intan Technologies, RHD2216) or a 
custom amplifier board designed in-house to reduce weight, made with the RHD2216 amplifier 
chip (Intan Technologies). Neural and audio data were registered with a USB interface board 
(RHD2000, Intan Technologies).  
 
Directed song. For experiments in which we microdialyzed atropine (Figures 2.5 and Figure 
S2.4), we collected directed song on three separate days, with sessions separated by one day (day 
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1: saline, day 3: atropine, day 5: saline; see Figure 2.5B). For each session, females were 
presented 30 or 40min. apart in a cage placed next to the male's cage (time constant across 
sessions for a given bird), for a total of 2 minutes for each presentation. For a given male bird, 
the same sequence of females was presented in the same order across sessions. The presence of a 
courtship dance was used to confirm that males sang directed song (puffing of feathers, 
orientation toward female, and hopping from side-to-side). For experiments in which we 
recorded neural activity during manipulation of social context, females were presented 15-
20min. apart in a cage next to the male's cage, or were introduced directly into the male's cage.  
 
Analysis of song features.  
Definition of analysis windows. To quantify the behavioral effects of carbachol (Figures 2.1 and 
S2.1), we used an analysis window of 1 to 3h after estimated time of drug delivery into the brain 
(drug analysis window). This same choice of analysis window was used for all animals and 
experiments, and for all reported behavioral features. Baseline measurements were calculated 
from a 1 to 2h window prior to drug onset (baseline analysis window).  
For experiments in which we probed the requirement of LMAN for the behavioral effects 
of carbachol (Figure 2.2), we determined the onset of drug effects for the carbachol and 
muscimol conditions by visual assessment of the raw pitch values. The onset of the drug analysis 
window was defined as the maximum of the estimated carbachol and muscimol onsets. The 
offset of the drug window was defined as 1 hour after the onset. This procedure ensured that both 
drugs would be active during the combined carbachol + muscimol condition. The baseline 
analysis window was defined as described above.  
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For social context experiments (Figures 2.5 and S2.4), we analyzed all directed songs and 
a random subset of interleaved undirected songs.  
 
Pitch and pitch variability. Songs were segmented into syllables based on amplitude threshold 
crossings. A random subset of syllables with clear harmonic structure were manually labelled 
and used in subsequent analysis. To quantify the pitch of a given syllable rendition, raw audio 
data was bandpass filtered between 500 and 10,000Hz, and a spectrogram was computed using a 
gaussian-windowed (𝝈 = 1-3ms) short-time Fourier transform (window size = 1024 samples; 
overlap = 1020 samples). From the spectrogram, a pitch contour was calculated by finding the 
maximum power in a frequency range around the first harmonic in each time bin, followed by 
parabolic interpolation of the resulting time series. The pitch of the syllable was then determined 
by averaging the pitch contour across a constant frequency component of the syllable. The 
coefficient of variation of pitch (pitch c.v.) was computed as the standard deviation divided by 
the mean. For a given experiment, we excluded pitch measurements that exceeded four times the 
median absolute deviation from the median, repeating this process three times. This procedure 
functions as a simple heuristic for culling measurements resulting from incorrect segmentation of 
the amplitude envelope. We excluded syllables with fewer than 15 trials in either the baseline or 
drug periods. This criterion was applied after outlier removal.  
For social context experiments, the accuracy of each pitch calculation was confirmed by 
visual assessment of the pitch contour overlaid on the syllable spectrogram, and inaccurate pitch 
calculations (due to incorrect segmentation, for example) were excluded from summary analyses. 
Exclusions were performed blind to social context condition (directed vs. undirected). No 
additional outlier removal was performed.  
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Song tempo. For each bird, we identified one or two stereotyped syllable sequences of syllables 
and determined the duration of the sequence from the onset of the first syllable in the sequence to 
the onset of the last syllable in the sequence. Syllable onsets were determined by an amplitude 
threshold and were used for tempo measurements because they were more sharply defined than 
offsets. Outlier removal was performed as described for pitch measurements. As for pitch, we 
excluded syllable sequences with fewer than 15 trials in either the baseline or drug periods. 
 
Amplitude. Amplitude for a given syllable was calculated by averaging the smoothed amplitude 
envelope over the middle 80% of the syllable. Amplitude envelopes were calculated by bandpass 
filtering the raw audio signal between 500 and 10,000Hz (80th order linear-phase FIR filter), 
computing the root-mean-square, and smoothing with a sliding 2.5ms rectangular window. 
Outlier removal was performed as described for pitch measurements, and syllables with fewer 
than 15 trials in either the baseline or drug periods were excluded. In a small number of 
experiments, we observed large (>25%) and sudden changes in amplitude that were likely caused 
by the bird changing its orientation with respect to the recording microphone. We excluded these 
experiments if the mean amplitude for each syllable changed by more than 25% in the drug 
period relative to the baseline period (3/75 experiments excluded, combined across conditions).  
 
Repeat syllables. Syllables that repeated a variable number of times were classified as repeat 
syllables, with the following exceptions: syllables that repeated only once or twice were 
considered as branch points (see below). We also did not consider high entropy syllables that 
sometimes separate motifs in Bengalese finch song as repeat syllables, since these are difficult to 
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distinguish from introductory notes. Syllables separated by a gap of more than 200ms were not 
considered a part of the same repeat sequence. The primary cohort of animals used in this study 
had few repeat syllables and so we included an additional cohort of animals that did not have 
paired saline control experiments (n = 4 additional animals). 
 Prior to statistical comparisons and calculation of normalized repeat length, we pooled 
repeat counts for experiments with the same condition. Repeat length c.v. was calculated from 
the pooled repeat length distributions from the pre period of all carbachol experiments.  
 
Branch points. A syllable that transitions probabilistically to two or more syllables is a branch 
point (specifically, a divergent branch point). Similar to previous studies (Zhang et al., 2017), we 
treated sequences of repeating syllables as a single song element. Syllables separated by a gap of 
more than 200ms were not included in the calculation of transition probabilities. 
 To determine if transition probabilities at a given branch point were significantly 
different in the baseline and drug windows, we employed a generalized likelihood ratio test for 
homogeneity of transition probabilities. Specifically, we test the null hypothesis H0: pi = qi for all 
i = 1,…k; where pi denotes the probability of transition i in the baseline period, and qi denotes 
the probability of transition i in the drug period. The test statistic is the likelihood ratio 
L(Msub)/L(Mfull), where Mfull denotes a multinomial probability distribution with parameters 
determined from the combined (baseline+drug) dataset by maximum likelihood, and Msub 
denotes two multinomial models with parameters determined from the segregated baseline and 
drug period datasets. Intuitively, this ratio captures the extent to which a single multinomial 
model is a better descriptor of the data than two separate multinomial models split by baseline 
and drug periods, thereby adjudicating the hypothesis that transition probabilities have changed.  
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 Determining differences between carbachol and saline based on the fraction of significant 
cases is potentially confounded if there are systematic differences in sample sizes between the 
two data sets. However, sample sizes did not differ significantly between baseline and drug 
periods (p = 0.89, two-tailed sign-rank test; mean sample sizes for combined baseline+drug 
periods: carbachol, n = 450 transitions; saline, n = 528 transitions). 
 The magnitude of change in transition probability was calculated as the summed change 
in transition probability for the first n-1 of n possible transition types at that branch point (Figure 
S2.1C). Prior to calculating this statistic, we combined data from all baseline or drug windows of 
a given condition.  
 
Neural analyses 
Spike sorting 
Multi-unit activity was extracted using the free software Wave clus (Quiroga et al., 2004). 
Briefly, raw voltage traces were band-pass filtered between 300 and 4000Hz. Events greater than 
3.5 and below 50 times the standard deviation of the median noise level in the negative direction 
were considered spikes, with a minimum refractory period between events of 0.2ms.  
 
Analysis of firing rates and neural variability 
Trial-averaged firing rates before and after carbachol/saline, and for directed and undirected 
song, were calculated by aligning spike trains to syllable onsets and convolving with a 5ms s.d. 
gaussian kernel. Firing rate differences elicited by carbachol or directed song were calculated by 
averaging smoothed firing rates over a 30ms window just prior to syllable onsets, and a 30ms 
window just after syllable onsets. The Fano factor was calculated as the across-trial spike count 
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variance divided by the mean spike count in these same time windows relative to syllable onsets. 
For all analyses, site/syllable pairs with fewer than 10 trials or firing rates less than 50Hz in 
either the baseline/undirected or drug/directed periods were excluded. The minimum firing rate 
criterion was applied to a 100ms window centered at the onset of the syllable.  
 
Spectral analysis of song amplitude and multi-unit activity 
Multi-unit spike train power spectral densities (PSDs) and coherence between song amplitude 
and spike trains were computed using code available from the Chronux package (Lynch et al., 
2016; Mitra and Bokil, 2007). Spike trains and amplitude envelopes were aligned to the onset of 
stereotyped sequences of syllables from each bird's song (range: 4 to 9 syllables). As for our 
other neural analyses, we excluded experiments with fewer than 10 trials or firing rates less than 
50Hz in either the baseline/undirected or drug/directed periods. Firing rates used for the 50Hz 
exclusion criterion were calculated over the entire duration of the stereotyped syllable sequence 
used for spectral analysis. 
 
Evaluating additive and multiplicative models 
For each multi-unit site and syllable, we determined how well the carbachol (or directed) trial-
averaged firing rate function rdrug	was	fit	by	an	additive	or	multiplicative	transformation	of	the	baseline	(or	undirected)	firing	rate	function	rbase.	The	additive	model	is	defined	by	rdrug	=	rbase	+	b;	the	multiplicative	model	is	defined	by	rdrug	=	a×rbase.	The	best	fitting	models	were	found	by	least	squares	(i.e,	by	calculating	the	value	of	a	or	b	that	minimizes	the	sum	of	squared	differences	between	the	model	and	rdrug).	To	evaluate	how	well	each	model	explained	the	transformation	produced	by	carbachol	(or	directed	song),	we	defined	a	
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relative	distance	index	calculated	as	1	-	(dfit,drug	/	dbase,drug),	where	dfit,drug	denotes	the	Euclidean	distance	between	the	best-fit	firing	rate	function	and	rdrug,	with	dbase,drug	defined	analogously.	This	index	ranges	from	zero	to	one,	and	quantifies	how	far	the	best-fit	model	is	from	rdrug,	relative	to	the	distance	between	rbase	and	rdrug.	A	value	of	one	indicates	that	the	model	fully	accounts	for	the	change	in	firing	rate,	fitting	rdrug	perfectly,	while	a	value	of	zero	indicates	that	none	of	the	change	in	firing	rate	has	been	accounted	for.		
 
Localization of microdialysis probes and recording electrodes 
We collected post-mortem histology at the conclusion of experiments to confirm the placement 
of microdialysis probes and recording electrodes. HVC was visualized by fluorescent staining for 
Parvalbumin (Swant, code 235, monoclonal ab raised in mice, 1:10000), while LMAN was 
visualized by fluorescent staining for calcitonin gene-related peptide (Sigma-Aldrich, Cat# 
C8198, polyclonal ab raised in rabbits, 1:5000 to 1:10000). The location of microdialysis probes 
was indicated by tissue damage within or adjacent to HVC or LMAN. Placement of recording 
electrodes was confirmed by tracks left by the electrodes and/or small electrolytic marker 
lesions. Dialysis probe placement could not be confirmed bilaterally in a small number of 
animals (HVC + LMAN: n = 2/4; HVC only: n = 2/15). 
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2.8. Figures 
 
 
 
 
 
 
 
 
 30 
Figure 2.1. Activation of muscarinic receptors in HVC increases motor vigor and reduces 
behavioral variability.  
(A) Experiment schematic and song system. HVC receives a cholinergic projection from a basal 
forebrain homolog (ACh, green).  
(B) Example song bouts before and after carbachol (vertical scale bar: 2000Hz, horizontal: 
200ms).   
(C) Left, time course of raw pitch values for example experiment; top right, average 
spectrograms for experiment at left before and after carbachol (vertical scale bar: 1000Hz, 
horizontal: 25ms); lower right, kernel density estimates of pitch distributions for experiment at 
left before and after carbachol. For panels D, E, G, and I, each point represents one syllable or 
syllable sequence averaged over experiments.  
(D) Normalized (carbachol/baseline) pitch. (Carb vs. Saline, two-tailed sign-rank test, p = 
0.00088, n = 22 syllables, 8 birds; Carb+Atrp vs. Carb+MEC+MLA, two-tailed sign-rank test, p 
= 0.00024, n = 14 syllables, 5 birds).  
(E) Normalized (carbachol/baseline) pitch c.v. (Carb vs. Saline, two-tailed sign-rank test, p = 
0.0014, n = 22 syllables, 8 birds; Carb+Atrp vs. Carb+MEC+MLA, two-tailed sign-rank test, p = 
0.0023, n = 14 syllables, 5 birds).  
(F) Trial-averaged spectrograms of a syllable sequence before and after carbachol. Horizontal 
scale bar: 25ms; vertical scale bar: 2000Hz.  
(G) Normalized (carbachol/baseline) syllable sequence length (Carb vs. Saline, two-tailed sign-
rank test, p = 0.00024, n = 13 syllable sequences, 8 birds; Carb+Atrp vs. Carb+MEC+MLA, 
two-tailed sign-rank test, p = 0.078, n = 8 syllable sequences, 5 birds).  
(H) Mean +/- s.e.m. amplitude envelopes for one example syllable before and after carbachol. 
Amplitude envelopes were normalized to the maximum value in the carbachol condition.  
(I) Normalized (carbachol/baseline) amplitude. (Carb vs. Saline, two-tailed sign-rank test, p = 
0.0117, n = 30 syllables, 8 birds; Carb+Atrp vs. Carb+MEC+MLA, two-tailed sign-rank test, p = 
0.0033, n = 18 syllables, 5 birds). *** p < 0.001, ** p < 0.01, * p < 0.05, n.s., not significant. 
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Figure 2.2. Acetylcholine invigorates song via the motor pathway.  
(A) Experiment schematic.  
(B) Time course of raw pitch values for representative experiments (same syllable). Pitch is 
plotted as percent change relative to the baseline window for each experiment. For panels C-F, 
each point represents one syllable or syllable sequence averaged over experiments.  
(C) Normalized (drug/baseline) pitch. (n = 10 syllables, 4 birds. Carb+No LMAN vs. No LMAN, 
two-tailed sign-rank test, p = 0.0020).  
(D) Normalized (drug/baseline) amplitude. (n = 14 syllables, 4 birds. Carb+No LMAN vs. No 
LMAN, two-tailed sign-rank test, p = 0.035).  
(E) Normalized (drug/baseline) syllable sequence length. (n = 7 syllable sequences, 4 birds. 
Carb+No LMAN vs. No LMAN, two-tailed sign-rank test, p = 0.031).  
(F) Normalized (drug/baseline) pitch c.v. (n = 10 syllables, 4 birds. Carb+No LMAN vs. No 
LMAN, two-tailed sign-rank test, p = 0.084). ** p < 0.01, * p < 0.05. 
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Figure 2.3. Carbachol increases HVC multi-unit firing rates.  
(A) Experiment schematic. Carbachol was microdialyzed into HVC while recording neural 
activity with multi-electrode arrays.  
(B) Example multi-unit site aligned to a syllable onset. Top, song spectrogram of the syllable 
used for alignment. Middle, raster plot of the multi-unit site (red-dashed line = onset of 
carbachol. Bottom, trial-averaged firing rates before and after carbachol (firing rates smoothed 
with a 5ms gaussian).  
(C) Population-average firing rates aligned to syllable onsets, before and after carbachol. Prior to 
averaging across sites/syllables, mean firing rates from both before and after carbachol were 
normalized by the maximum of both conditions in a 100ms window centered on the syllable 
onset. n = 202 multi-unit sites x syllables, 26 unique multi-unit sites, 5 birds.  
(D) Population-average firing rates aligned to syllable onsets, before and after saline, normalized 
as in panel C. n = 110 multi-unit sites x syllables, 14 unique multi-unit sites, 4 birds.  
(E) Change in firing rate after switch carbachol relative to baseline, or after switch to saline 
relative to baseline. (carb vs. saline in -30 to 0ms window, p = 8.3e-6, rank-sum test; carb vs. 
saline in 0 to 30ms window, p = 3.1e-4, rank-sum test; carb in -30 to 0ms window vs. carb in 0 to 
30ms window, p = 1.1e-4, sign-rank test).  
(F) Change in Fano factor after switch to carbachol relative to baseline, or after switch to saline 
relative to baseline. (carb vs. saline in -30 to 0ms window, p = 0.92, rank-sum test; carb vs. 
saline in 0 to 30ms window, p = 0.15, rank-sum test). For E and F, markers denote bird averages, 
bars denote population mean ± s.e.m. *** p < 0.001, n.s., not significant. 
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Figure 2.4. Carbachol enhances low-frequency spiking activity in HVC.  
(A) Normalized spike train PSDs for two example multi-unit sites from two different birds, 
before and after microdialysis of carbachol. Error bars denote jackknife 95% confidence 
intervals.  
(B) Population average spike train PSD for all multi-unit sites, before and after switch to 
carbachol. Each multi-unit site was normalized independently prior to averaging. Error bars 
denote s.e.m. (n = 25 multi-unit sites from five birds).  
(C) Population average spike train PSD for all multi-unit sites, before and after switch to saline, 
computed as for panel B (n = 12 multi-unit sites from four birds).  
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Figure 2.5. Atropine attenuates social modulation of spectral but not temporal features of 
song.  
(A) Experiment schematic.  
(B) Directed song was collected on 3 separate days for each bird in the following order: 
saline/pre, atropine, saline/post, with one day between sessions. See methods for details.  
(C) Pitch distributions for one example syllable.  
(D) Normalized pitch c.v. (directed/undirected). The reduction in pitch c.v. was significantly 
attenuated by atropine (pre saline vs. atropine, two-tailed sign-rank test, p = 0.0028; post saline 
vs. atropine, two-tailed sign-rank test, p = 0.012).  
(E) Normalized pitch (directed/undirected). The increase in pitch was significantly attenuated by 
atropine compared to the saline pre condition (pre saline vs atropine, two-tailed sign-rank test, p 
= 0.046; post saline vs. atropine, two-tailed sign-rank test, p = 0.078). For pitch and pitch c.v., n 
= 6 birds, 16 syllables.  
(F) Tempo measured by normalized sequence length (directed/undirected). The increase in song 
tempo was not significantly attenuated by atropine (pre saline vs. atropine, two-tailed sign-rank 
test, p = 0.20; post saline vs. atropine, two-tailed sign-rank test, p = 0.95). n = 7 birds, 8 syllable 
sequences. ** p < 0.01, * p < 0.05, n.s., not significant. 
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Figure 2.6. HVC activity is modulated by social context.  
(A) Experiment schematic. Multi-unit activity in HVC was recorded during interleaved directed 
and undirected song.  
(B) Example multi-unit site aligned to a syllable onset. Top left, spectrogram of song syllable 
used for alignment. Middle left, raster of the multi-unit site recorded during directed and 
undirected song on interleaved trials. Trials are plotted chronologically from top to bottom. 
Spaces separate blocks of directed or undirected trials. Middle right, mean ± s.e.m. firing rates 
for each block of trials. Firing rates were computed in a 100ms window centered on the syllable 
onset. Bottom, average smoothed firing rates for this site (firing rates smoothed with a 5ms 
gaussian). Bold lines show mean firing rates for all trials, light lines show mean firing rates for 
each block of trials.  
(C) Population-average firing rates aligned to syllable onsets, for directed and undirected trials. 
Prior to averaging across sites/syllables, mean firing rates from directed and undirected trials 
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were normalized by the maximum of both conditions in a 100ms window centered on the 
syllable onset. n = 151 multi-unit sites x syllables, 15 unique multi-unit sites, 5 birds.  
(D) Change in firing rate on directed trials relative to undirected trials (directed vs. undirected in 
-30 to 0ms window, p < 1e-9, sign-rank test; directed vs. undirected in 0 to 30ms window, p < 
1e-12, sign-rank test; directed in -30 to 0ms window vs. directed in 0 to 30ms window, p = 
0.011, sign-rank test).  
(E) Population average spike train PSDs for all multi-unit sites, for directed and undirected trials. 
Each multi-unit site was normalized independently prior to averaging. Error bars denote s.e.m. (n 
= 13 multi-unit sites from five birds). *** p < 0.001, * p < 0.05.  
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Figure S2.1. Microdialysis of carbachol into HVC alters song sequencing. Related to Figure 
2.1.  
(A) Spectrogram of a song with a divergent branch point. Syllable ‘X’ can transition to syllable 
‘Y’ or syllable ‘Z’. Horizontal scale bar: 50ms; vertical scale bar: 1000Hz.  
(B) Transition probabilities before or after either carbachol or saline for the branch point shown 
in panel A.  
(C) Change in transition probability (see Methods), averaged across all branch points for each 
bird (carbachol vs. saline, p = 0.047, two-sided sign-rank test, n = 7 birds).  
(D) Song spectrogram depicting a repeat syllable (syllable 'J'; Horizontal scale bar: 50ms; 
vertical scale bar: 1000Hz).  
(E) Histogram of repeat counts before and after carbachol for the repeat syllable shown in  
panel D.  
(F) Scatter plot of repeat length c.v. versus the fold change in repeat count with carbachol (p = 
0.0012, test for non-zero Pearson's correlation coefficient; n = 6 birds, 7 repeat syllables). * p < 
0.05. 
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Figure S2.2. Examples of syllable-aligned firing rates before and after carbachol from each 
bird. Related to Figure 2.3. 
 (A) Smoothed firing rates (5ms s.d. gaussian) aligned to syllable-onsets before (blue) and after 
(red) microdialysis of carbachol into HVC. Two different multi-unit recording sites are shown 
for each of the five recording birds used in this study.  
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Figure S2.3. Spike train spectra and coherence for individual birds for microdialysis 
experiments. Related to Figure 2.4.  
(A) Bird average spike train PSDs for all multi-unit sites, before and after switch to carbachol. 
Each multi-unit site was normalized independently prior to averaging.  
(B) As for panel A, but for saline control experiments.  
(C) Coherence between spike trains and song amplitude for each bird shown in panels A and B. 
For each bird, we averaged coherence across multi-unit sites from the baseline period of all 
experiments (black: bird average coherence; dotted line: maximum of bird average coherence at 
6.3Hz).  
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Figure S2.4. Spectral features of directed but not undirected songs are affected by atropine. 
Related to Figure 2.5.  
(A) Raw pitch c.v. values for all syllables for directed (left) and undirected (right) songs. 
(directed pre vs. directed atropine, p = 0.00024; directed post vs. directed atropine, p = 0.0039; 
undirected pre vs. undirected atropine, p = 0.34; undirected post vs. undirected atropine, p = 
0.41).  
(B) Pitch for all syllables. For each syllable, we subtracted its atropine pitch value from both the 
pre and post saline pitch values in order to reduce the variance within a condition, which is 
irrelevant. Note also that this transformation does not affect the test statistic used in the sign-rank 
test. (directed pre vs. directed atropine, p = 0.0045; directed post vs. directed atropine, p = 0.037; 
undirected pre vs. undirected atropine, p = 0.86; undirected post vs. undirected atropine, p = 
0.67). For pitch and pitch c.v., n = 6 birds, 16 syllables  
(C) Sequence length for all syllable sequences. For each syllable sequence we subtracted its 
atropine sequence length value from both pre and post measurements as in panel B. (directed pre 
vs. directed atropine, p = 0.11; directed post vs. directed atropine, p = 1; undirected pre vs. 
undirected atropine, p = 0.20; undirected post vs. undirected atropine, p = 0.84). n = 7 birds, 8 
syllable sequences. All statistical tests in this figure were performed using the two-sided sign-
rank test. ** p < 0.01, * p < 0.05, n.s., not significant. 
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Figure S2.5. Examples of social modulation of HVC firing rates for each bird. Related to 
Figure 2.6.  
(A) Smoothed firing rates (5ms s.d. gaussian) aligned to syllable-onsets for undirected (blue) and 
directed (red) trials, for one example multi-unit site/syllable from each bird.  
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Figure S2.6. Social modulation of spike train spectra for each bird. Related to Figure 2.6.  
(A) Bird average spike train PSDs for all multi-unit sites, for directed and undirected trials. Each 
multi-unit site was normalized independently prior to averaging.  
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Chapter 3: Contributions of the songbird premotor nucleus 
HVC to acoustic variability 
 
3.1. HVC activity is correlated with acoustic output 
 Our finding that cholinergic tone in HVC contributes to social modulation of song led us 
to consider the possibility that acoustic variability observed during undirected song could partly 
reflect fluctuating levels of acetylcholine in HVC. More generally, we know little about the 
capacity of trial-by-trial variation in HVC activity to influence behavioral output, regardless of 
whether or not this involves cholinergic mechanisms. While HVC projection neurons exhibit low 
trial-to-trial variability in burst timing with respect to acoustic features of song (Hahnloser et al., 
2002), it is nonetheless possible that this variability manifests behaviorally, conceivably in the 
service of trial-and-error learning that underlies song maturation.  
 To determine the extent to which HVC activity is correlated with acoustic output, we 
measured trial-by-trial correlations between HVC multi-unit activity and three acoustic features 
from each syllable¾pitch, amplitude, and spectral entropy¾to facilitate comparison with a 
previous study that examined correlations between these features and RA activity (Sober et al., 
2008). Firing rates were computed in a 50ms window, offset from the center of the behavioral 
measurement window by a delay of 30ms to account for the estimated premotor delay between 
HVC activity and behavioral output (Lynch et al., 2016). One example multi-unit site is shown in 
Figure 3.1A. For this site, we observed a significant positive correlation between multi-unit 
activity and pitch (significance assessed by a permutation test, p < 0.05). For each behavioral 
feature, we determined the proportion of significant correlations between the behavioral feature 
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and HVC activity (Figure 3.1B; n = 5 birds). For pitch and amplitude, we observed that a 
significant fraction of cases exhibited significant correlations (p = 0.0042 for pitch; p = 1.7e-5 
for amplitude; binomial test for significant difference from 0.05; still significant after Bonferroni 
correction for three comparisons).  
 In principle, the observed correlations could arise from rapid trial-to-trial fluctuations that 
are shared between HVC activity and a given behavioral feature. Alternatively, correlations 
could arise from slower changes to HVC activity and behavior, as might be expected for 
circadian fluctuations in neuromodulatory tone (though cholinergic neurons in particular are also 
known to signal phasically over short timescales, see Howe et al., 2017). To determine the 
timescale over which these correlations are present, we computed correlations between 
pitch/amplitude and HVC activity offset by a variable lag (in renditions of a given syllable). For 
pitch, we found that the average magnitude of correlations at lag 0 was similar to that at all other 
lags examined, suggesting that these correlations arise from processes that covary over long 
timescales (Figure 3.1C). In contrast, for amplitude we found that the magnitude of correlations 
peaked at lag 0, suggesting that at least a component of these correlations arise from rapid trial-
to-trial fluctuations about the mean (Figure 3.1D). Importantly, neither of these patterns of 
lagged-correlations precludes the possibility of an underlying causal relationship between HVC 
activity and the measured acoustic features. 
 While significant, the magnitude of the correlations we observed for pitch and amplitude 
was typically low (mean R2 for pitch: 0.016; for amplitude: 0.025). Weak correlations would 
result if most of the variability in behavior is not inherited from HVC. Alternatively, activity that 
is causally related to vocal output for a particular syllable may be better represented in the 
activity of HVCRA projection neurons, whose activity is most proximal to motor output. To 
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evaluate this latter possibility, we identified bursts from isolated HVC projection neurons1 of 
Bengalese finches that occurred during or just prior to harmonic stack syllables (n = 13 bursts 
from 5 birds). For each burst/syllable pair, we computed the Pearson's correlation coefficient 
between spikes per burst and pitch or amplitude (see Methods for details). Isolated HVC 
projection neurons exhibited substantially stronger correlations with pitch and amplitude than we 
observed in our multi-unit data (mean R2 for pitch: 0.25; amplitude: 0.35). Histograms of the 
correlation coefficients for pitch and amplitude are shown in Figure 3.1E. Thus, HVC projection 
neurons exhibit strong correlations with acoustic output, consistent with the notion that HVC 
contributes to acoustic variability.   
 
3.2. Greater HVC activity predicts lower behavioral variability 
 One of the more surprising findings reported in Chapter 2 is that cholinergic tone in HVC 
regulates behavioral variability, given that previous studies that have manipulated HVC activity 
have not reported reductions in behavioral variability (Hamaguchi et al., 2016; Long and Fee, 
2008; Zhang et al., 2017). Trial-by-trial behavioral variability is essential for reinforcement 
learning; as such, understanding the neural origins of this variability is of central importance. We 
considered a range of possible mechanisms that could explain our finding that microdialysis of 
carbachol into HVC reduces pitch variability. To ground discussion, let us consider a simple 
model in which pitch (Y) is a weighted sum of contributions of many HVC neurons (Xi), passed 
through an arbitrary non-linear function f, i.e. 𝑌	 = 	𝑓(∑ 𝑤L𝑋L)L . A simplified situation in which 
 
1 Note that the projection target of these neurons was not confirmed, i.e. they could project to either RA or Area X 
(and possibly Avalanche, though these neurons are substantially less abundant). However, both HVCRA and HVCX 
neurons are readily identified by their distinctive firing properties, namely bursting activity that is precisely time-
locked to specific acoustic elements.  
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pitch is entirely controlled by two neurons is schematized in Figure S3.1. As shown, changes to 
the means, variances, and pairwise covariances of HVC neurons all have the capacity to change 
pitch variance2. Acetylcholine has been shown to modulate each of these three statistics, 
providing additional motivation for the following analyses (Chen et al., 2015; Desai, 2006; 
Goard and Dan, 2009; Herrero et al., 2008). 
 As discussed in Chapter 2, we found little evidence to support the possibility that reduced 
variability in HVC activity is responsible for the reduction in behavioral variability. We also 
found little evidence to support the possibility that covariance between simultaneously recorded 
multi-unit sites was significantly affected by carbachol. We measured the covariance in spike 
counts between simultaneously recorded multi-unit sites in HVC before and after carbachol 
(spike counts computed in 50ms window prior to syllable onsets). Carbachol did not produce a 
significant change in spike count covariances (data not shown; normalized covariance = 0.99; 
two-tailed sign-rank test for baseline vs. carb, p = 0.32; n = 815 pairs x syllables in 5 birds). 
 In contrast, our finding that carbachol increased HVC firing rates lends some support to 
the possibility that a change to the mean of HVC activity could drive the reduction in pitch 
variability. One caveat with these analyses is that we are not directly measuring activity of the 
HVCRA neurons, whose activity is most proximal to behavioral output. However, as we elaborate 
in the discussion, a number of other observations indicate that carbachol increases the activity of 
the HVCRA projection neurons, suggesting this as a plausible mechanism for the reduction in 
pitch variability and the other observed behavioral changes. Increased activity of HVC projection 
neuron activity could reduce behavioral variability by a saturation-like mechanism, assuming 
 
2 Further insight into the manner in which these three statistics contribute to variance in Y can be gained by treating 
Y and the Xi as random variables, and approximating the variance in Y as a Taylor series expansion around the 
mean. 
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that downstream motor units have saturating input/output relationships (Garst-Orozco et al., 
2014), or by suppressing the intrinsic dynamics of the RA network (see Discussion).  
 We sought additional evidence that the magnitude of HVC projection activity has the 
capacity to regulate behavioral variability. Specifically, we hypothesized that natural variation in 
PN activity during undirected song would be systematically associated with behavioral 
variability, with greater PN activity predicting lower behavioral variability. To address this, we 
identified bursts from isolated PNs3 of Bengalese finches that occurred during or just prior to 
harmonic stack syllables (n = 12 bursts from 5 birds). For each burst, we binned trials by the 
number of spikes per burst and calculated the pitch c.v. within each bin. Two example bursts are 
shown in Figure 3.2A. In both of these cases, more spikes per burst is associated with lower pitch 
variability. To summarize this relationship for each burst, we calculated the mean slope of pitch 
c.v. versus spikes per burst (Figure 3.2B). Across bursts, the sign of this relationship was 
significantly less than zero, indicating that greater projection neuron activity is generally 
associated with lower pitch variability (p = 0.032, one-tailed sign-rank test). These data are 
consistent with the view that greater projection neuron activity drives lower behavioral 
variability.  
 
3.3. Methods 
Experimental procedures for collecting electrophysiological and audio data were conducted as 
described for the methods section in Chapter 2. The animals used for these analyses comprise a 
subset of the animals used for the recording experiments presented in Chapter 2. Unless stated 
otherwise, other relevant methods are consistent with those described in Chapter 2. 
 
3 As for the analyses presented in section 3.1, the projection target of these neurons was not confirmed.  
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Measuring pitch, amplitude, and spectral entropy 
Pitch contours were computed for syllables with well-defined harmonic structure as described in 
Chapter 2. Amplitude was calculated essentially as described in chapter 2, with minor 
modifications. Spectral entropy was computed by calculating a normalized PSD for each 
syllable, then computing -∑ 𝑝L𝑙𝑛(𝑝L)L , where pi denotes the normalized power in frequency bin i. 
For all behavioral features, we excluded measurements using the outlier procedure described in 
Chapter 2.  
 
Analysis of correlations between multi-unit activity and acoustic features 
Multi-unit activity was aligned to syllable onsets and smoothed with a 5ms gaussian kernel. For 
each trial, the smoothed firing rate was averaged over a 50ms window, offset by a 30ms delay 
from the center of the window used for measuring a given behavioral feature. Each behavioral 
feature was averaged over a 20ms window, typically just after the onset of a given syllable. We 
excluded cases with fewer than 10 trials or mean firing rates less than 50Hz.  
 
Analysis of correlations between projection neuron activity and acoustic features 
We analyzed bursts that occurred during a harmonic stack syllable, or that occurred within 50ms 
of the onset of the harmonic portion of the syllable, measured from the center of the burst. Pitch 
and amplitude were averaged over a 20ms window. For bursts that occurred during the syllable, 
the pitch/amplitude window started 30ms after the center of the burst. For bursts that occurred 
prior to the harmonic portion of the syllable, the pitch window started at the onset of the 
harmonic portion of the syllable. For measurements of the mean slope between binned spikes per 
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burst and pitch c.v., bins with fewer than five trials were excluded. For computing correlations 
between spikes per burst and pitch or amplitude, we excluded cases with fewer than 10 trials.  
 
3.4. Figures 
 
Figure 3.1. HVC activity is correlated with acoustic features.  
(A) Example multi-unit exhibiting a significant positive correlation between pitch and firing rate. 
Each point is the pitch/firing rate for a given syllable rendition. 
(B) Proportion of significant correlations between HVC multi-unit activity and pitch, amplitude, 
and spectral entropy. ** p < 0.01, *** p < 0.001, n.s. not significant.  
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(C) Mean ± s.e.m. R2 (coefficient of determination) for pitch/HVC multi-unit firing rate 
correlations as a function of lag. 
(D) As for panel C, for amplitude/firing rate correlations. 
(E) Histogram of Pearson's correlation coefficients between HVC projection neuron spikes per 
burst and pitch (left) or amplitude (right).  
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Figure 3.2. Greater HVC projection neuron activity predicts lower behavioral variability. 
(A) Two example projection neuron bursts from two different birds. Top, pitch c.v. for a nearby 
harmonic syllable, computed as a function of spikes per burst. Pitch c.v. values were normalized 
to the bin with the maximum pitch c.v. Bottom, raw pitch distributions, separated by spikes per 
burst.  
(B) Mean slopes of projection neuron spikes per burst versus pitch c.v., for all bursts. * p < 0.05. 
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Figure S3.1. Schematic of mechanisms for changing behavioral variability.  
Left: We consider a simplified situation in which the activity of two neurons determines pitch. 
The activity of these neurons is mapped to pitch by the function indicated in the heat map; note 
that pitch saturates as the activity of these two neurons increases. The black ellipse indicates the 
covariance of these two neurons; they are positively correlated at baseline. 
Right, top: Acetylcholine could reduce pitch variability by reducing the variability of each 
neuron (dotted ellipse). Right, middle: Variability could be reduced by increasing the mean 
activity of the two neurons, into the saturating part of the pitch function. Right, bottom: 
Variability could be reduced by altering the covariance of the two neurons. After acetylcholine, 
the neurons covary in a way that aligns with an axis of low variability in pitch.  
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Chapter 4: Discussion 
 
 Though motor cortical regions receive extensive projections from cholinergic neurons 
and other neuromodulatory systems, little is known about how any neuromodulator contributes 
to motor skill execution by direct action on cortical motor structures (Vitrac and Benoit-Marand, 
2017). We examined how the canonical neuromodulator acetylcholine affects motor behavior by 
direct action on premotor circuitry, motivated by observations that physiological arousal 
influences both motor behavior and cholinergic signaling. We found that acetylcholine acts 
directly on motor forebrain circuitry to invigorate movement, increasing the pitch, amplitude, 
tempo, and stereotypy of song. We further demonstrate that acetylcholine contributes to 
behavioral changes observed during courtship song, thereby linking acetylcholine to motor 
invigoration observed during aroused behavioral states. Both modulation of cholinergic tone and 
courtship song were associated with higher firing rates and enhancement of low-frequency 
activity in the premotor nucleus HVC, paralleling previous findings in non-motor brain regions 
that acetylcholine contributes to enhanced activity and low-frequency oscillations observed 
during active and attentive states (Fu et al., 2014; Gu et al., 2017; Herrero et al., 2008). Finally, 
by demonstrating that cholinergic enhancement of vigor occurs independently of the songbird 
basal-ganglia, we identify direct cholinergic action on the descending forebrain motor pathway 
as a mechanism for the control of motor vigor.  
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4.1. Neuromodulatory control of motor vigor 
 Our finding that acetylcholine acts on motor forebrain circuitry to invigorate movement 
compliments previous studies that have focused on the role of striatal dopamine in the control of 
motor vigor. A general correlation between dopamine levels and motor vigor is supported by 
numerous studies in animal models that have either depleted (Panigrahi et al., 2015; Ungerstedt, 
1971) or enhanced (da Silva et al., 2018) dopaminergic signaling. In general, dopamine depletion 
leads to substantial reductions in spontaneous movements and movement velocity. Similarly, in 
humans, slowed movements (bradykinesia) is a cardinal symptom of the deterioration of the 
dopaminergic system that occurs during Parkinson's disease (Berardelli et al., 2001). A number 
of observations indicate that dopamine may be especially important for invigorating motor 
behavior to obtain reward, i.e., that the modulatory effects of dopamine on motor vigor are 
primarily motivational in nature (Mazzoni et al., 2007). Rewarding stimuli are well-known to 
enhance motor vigor: primates and humans saccade and reach more vigorously to target 
locations paired with reward (Summerside et al., 2018; Takikawa et al., 2002; Xu-Wilson et al., 
2009). Supporting the hypothesis that reward invigorates movement via dopaminergic 
mechanisms, patients with Parkinson's disease are less sensitive to modulation of motor vigor by 
reward (Manohar et al., 2015). Conversely, pharmacological enhancement of dopaminergic 
signaling increases the effect of reward on motor vigor (Beierholm et al., 2013; Wardle et al., 
2011). 
 Notably, however, invigoration of movement can occur under general states of arousal, 
even when reward is not explicitly manipulated or available. Striking examples of this link 
between arousal and movement invigoration include anecdotal reports of extraordinary feats of 
"hysterical strength" in life-or-death situations, such as lifting a car to free an entrapped victim. 
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Corroborating these anecdotal accounts, studies conducted in humans have documented that 
unexpected auditory stimuli facilitate eye movements (DiGirolamo et al., 2016) and reduce 
motor response time in task settings (Bertelson, 1967; Nebes and Brady, 1993). Similarly, 
stimulating music can speed reaction time and increase grip strength (Bishop et al., 2009; 
Karageorghis et al., 1996), and viewing unpleasant images can increase step size during gait 
initiation (Bouman et al., 2015). These studies are complemented by findings in animal systems 
that physiological measures of arousal, such as pupil diameter and heart rate, are correlated with 
faster reaction time in behavioral tasks (Lovett-Barron et al., 2017; McGinley et al., 2015).  
While previous studies have primarily focused on the role of dopamine in movement 
invigoration, a number of observations from human and animal studies suggest that this arousal-
mediated enhancement of motor vigor can occur independently of dopaminergic mechanisms. 
Patients with Parkinson's disease can exhibit 'paradoxical' movement in situations that provoke 
extreme emotion (Bonanni et al., 2010; Glickstein and Stein, 1991), and rats with dopaminergic 
lesions induced by 6-OHDA, can swim effectively when placed in cold water (Marshall et al., 
1976). Broadly, the relationship between arousal and motor vigor, rather than the expectation of 
reward per se, suggests that a broader recruitment of neuromodulatory brain regions may 
contribute to motor invigoration.  
 Acetylcholine in particular has strong associations with physiological arousal (Lee and 
Dan, 2012). Acetylcholine contributes to widespread changes in neural activity that occur during 
transitions in behavioral state (Buzsaki et al., 1988; Metherate et al., 1992), and the activity of 
cholinergic neurons is correlated with arousal as measured by pupil diameter (Reimer et al., 
2016). Further, cholinergic neurons in the basal forebrain are activated by both positive and 
negative stimuli (Hangya et al., 2015), suggesting that cholinergic neurons may contribute to 
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modulation of motor vigor by salient stimuli, irrespective of valence. Linking acetylcholine to 
motor behavior, a number of studies have reported that cholinergic neurons become more active 
during locomotion, whisking, and other non-locomotor movements (Eggermann et al., 2014; 
Hangya et al., 2015; Nelson and Mooney, 2016; Reimer et al., 2016). Our finding that a 
component of motor invigoration observed during courtship song is subserved by central action 
of cholinergic systems directly demonstrates that acetylcholine contributes to motor invigoration 
under heightened states of arousal.  
 Conversely, we suggest that some movement disorders that include decreased speed, 
force, and stereotypy of movements, may reflect in part disrupted cholinergic signaling in 
premotor centers. Particularly noteworthy in this respect is the slowing of gait, reduced force 
generation, and loss of verbal fluency that are frequently observed in patients with Alzheimer’s 
disease (Buchman et al., 2007; Ferris and Farlow, 2013; Goldman et al., 1999), which is 
principally associated with the loss of cholinergic neurons in the basal forebrain and diminished 
cholinergic innervation of the cortex (Francis et al., 1999). Indeed, loss of movement vigor may 
precede, and be predictive of, subsequent cognitive decline in Alzheimer’s and other diseases 
(Buchman et al., 2007). An underappreciated role of cortical cholinergic signaling in the 
invigoration of movements, as indicated by our findings, may both explain this link, and account 
for some of the ameliorative effects on movements of pro-cholinergic treatments (Ferris and 
Farlow, 2013). 
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4.2. Neuromodulatory contributions to social modulation of song  
 It is important to note that multiple neuromodulatory systems may be engaged 
simultaneously to influence vigor, a point made especially apparent by social modulation of 
song. Previous studies in songbirds have implicated dopaminergic and noradrenergic signaling in 
the social modulation of song (Glaze et al., 2017; Leblois et al., 2010), complementing our 
finding that acetylcholine contributes to social modulation of song via the premotor nucleus 
HVC. Indeed, the absence of a complete block of social modulation by atropine suggests that 
multiple neuromodulators and loci of action contribute to social modulation of song, (Glaze et 
al., 2017; Leblois et al., 2010). The multiplicity of neuromodulatory systems apparently engaged 
during courtship song parallels the general observation that multiple neuromodulators contribute 
to global changes in brain activity that accompany transitions in behavioral state, e.g. the 
transition from sleep to wakefulness (Lee and Dan, 2012). Consistent with the notion that 
multiple neuromodulators act in a cooperative manner to regulate behavioral state, a recent study 
found that the activity of a number of neuromodulatory cell groups are correlated with 
physiological measures of arousal in both zebrafish and mice (Lovett-Barron et al., 2017). Thus, 
while our findings reveal an important role for acetylcholine in the social modulation of song, it 
is likely that the totality of behavioral changes observed during courtship song reflect the 
coordinated action of multiple neuromodulators acting simultaneously in different brain regions.  
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4.3. Neural mechanisms underlying cholinergic invigoration of song  
How does acetylcholine affect the activity of the different cell classes within HVC? A 
number of observations from our data and previous studies suggest that acetylcholine increases 
the activity of the HVCRA projection neurons in vivo, an effect that is likely to account for the 
behavioral changes produced by microdialysis of carbachol into HVC. First, we found that 
removing the contribution of the songbird basal-ganglia to song by inactivation of LMAN does 
not prevent the increase in pitch, amplitude, or tempo produced by carbachol, which indicates 
that, at a minimum, acetylcholine affects the activity of HVCRA projection neurons. Second, 
agonists of muscarinic acetylcholine receptors depolarize HVC projection neurons (both HVCRA 
and HVCX) and hyperpolarize HVC interneurons in vitro (Shea et al., 2010), which is likely to 
translate to an excitatory influence on HVCRA neurons in vivo. Finally, we found that 
acetylcholine increases multi-unit firing rates in HVC in singing birds, an observation which 
suggests that acetylcholine increases the activity of one or both major cell classes in HVC.  
 How does increased activity of HVCRA neurons translate into increased motor vigor? 
Within HVC, enhanced excitability of HVCRA neurons is expected to speed the propagation of 
activity through synaptically coupled pools of projection neurons that are hypothesized to 
underlie song production (Long and Fee, 2008), thereby increasing the tempo of song. 
Downstream of HVC, a number of observations indicate that greater activity of HVCRA neurons 
would increase the activity of RA projection neurons, ultimately driving increased pitch and 
amplitude. Neurophysiological evidence for this model is furnished by the observation that 
injections of carbachol into HVC of anaesthetized songbirds increase spontaneous activity within 
RA (Shea and Margoliash, 2003). Behaviorally, pharmacological reduction of inhibition onto RA 
projections neurons increases pitch and amplitude (Miller et al., 2017), suggesting that 
 59 
microdialysis of carbachol into HVC has a similar excitatory influence on RA projection 
neurons. Downstream of RA, anatomical and functional evidence indicates that increased 
activity of RA projection neurons may increase pitch via an excitatory influence on particular 
syringeal muscles (Sober et al., 2008): pitch is positively correlated with syringeal muscle 
activation in some songbird species (Goller and Riede, 2013), and stimulation of syringeal 
muscles drives increased pitch in Bengalese finches (Srivastava et al., 2015).  
 More broadly, a model in which cholinergic excitation of motor cortex drives increased 
motor vigor is consistent with a number of observations in other systems. Acetylcholine 
increases the excitability of pyramidal neurons in layer 5 of rat primary motor cortex (Desai, 
2006), which may facilitate increased force production via activation of downstream 
motorneurons (Cheney and Fetz, 1980; Evarts, 1968). This idea is supported by the observation 
that nucleus basalis stimulation increases the amplitude of vibrissae movements caused by 
electrical stimulation of motor cortex, an effect that is blocked by local cortical application of the 
muscarinic antagonist atropine (Berg et al., 2005). Cholinergic excitation of motor cortex may 
also underlie observations from human fMRI studies that have found a positive correlation 
between activation of motor cortex and force production (Dai et al., 2001; Spraker et al., 2007). 
Beyond altering movement force, computational studies have demonstrated that neuromodulators 
can scale the speed of motor outputs by altering the gain of motor cortical neurons (Stroud et al., 
2018), suggesting an expansive capacity of acetylcholine and other neuromodulators to alter the 
vigor of multiple movement parameters.      
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4.4. Contributions of HVC to acoustic variability  
Trial-by-trial variability in behavioral output is essential for reinforcement learning, 
providing a substrate by which organisms adapt their behavior in complex environments. For 
these reasons, a large body of work in both songbirds and mammals has aimed to determine how 
the brain generates and regulates behavioral variability. Our results add to this discussion and 
suggest novel mechanisms by which the brain controls variability.  
 In the context of song control, our finding that acetylcholine can operate on HVC to 
reduce behavioral variability is somewhat surprising. Previous studies that have manipulated 
HVC activity have not reported a reduction in behavioral variability (Hamaguchi et al., 2016; 
Long and Fee, 2008; Zhang et al., 2017). In contrast, lesions and pharmacological inactivation of 
the AFP output nucleus LMAN reduce pitch variability substantially (Hampton et al., 2009; Kao 
et al., 2005; Stepanek and Doupe, 2010). The observation that HVC projection neurons exhibit 
extremely low trial-to-trial variability has further contributed to the impression that HVC does 
not introduce substantial behavioral variability (Hahnloser et al., 2002).  
 Mechanistically, the observation that increasing cholinergic signaling in HVC drives a 
reduction in behavioral variability could be explained in a number of ways (Figure S3.1). 
Perhaps the simplest possible explanation is that acetylcholine reduces neural variability in HVC. 
As carbachol had no effect on the Fano factor, and either increased or did not affect spike count 
variance, we found little evidence to support this possibility. Alternatively, acetylcholine could 
reduce behavioral variability by altering the correlation structure of HVC activity (e.g., Kaufman 
et al., 2014). While we did not find evidence that carbachol altered the correlation structure of 
HVC activity, as assessed by measuring changes to the spike count covariance of simultaneously 
recorded multi-unit sites, addressing this possibility definitively would require estimating the full 
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mapping between HVC population activity and behavioral output. Finally, carbachol could 
reduce behavioral variability through a saturation-like mechanism by altering the magnitude of 
input to RA. Though we were unable to directly determine how carbachol affects the activity of 
HVC projection neurons, a number of observations suggest that carbachol increases the activity 
of HVCRA projection neurons, as discussed in the preceding discussion section. Further, our 
observation that greater HVC projection neuron activity predicts lower behavioral variability 
during undirected song lends direct support to this possibility. 
 Such a mechanism could operate at the level of single neurons in RA: altered drive to RA 
could push RA projection neurons to the saturating part of their response functions, a mechanism 
that has been proposed to partly account for the developmental reduction in vocal variability 
(Garst-Orozco et al., 2014). Alternatively, network-level dynamics within RA may be critical for 
understanding the reduction in variability. One potential issue with single-cell models is that it is 
unclear if RA neurons operate near the saturating part of their response functions. Additionally, 
due to the convergence of a large number of RA projection neurons onto a few motor effectors, 
changes to correlated variability across the population of RA neurons are expected to 
substantially impact behavioral variability (Darshan et al., 2017). This directly motivates 
consideration of network-level mechanisms. 
 In sensory cortices, it is well-documented that stimuli suppress both individual and 
correlated neural variability, effects that are thought to arise from intrinsic cortical dynamics 
(Churchland et al., 2010). A variety of network models with different dynamical behavior have 
been proposed to account for this effect (Deco and Hugues, 2012; Hennequin et al., 2018). One 
relevant phenomenon is that increasing the strength of input to a network tends to suppress its 
intrinsic dynamics (Mastrogiuseppe and Ostojic, 2018; Rajan et al., 2010). We suggest that 
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acetylcholine reduces behavioral variability via a similar mechanism. In this model, external 
perturbations to RA—originating from LMAN, for example—are amplified by the dynamics of 
the RA network and drive increased correlations between RA projection neurons. Stronger input 
to RA driven by higher cholinergic tone in HVC suppresses these intrinsic dynamics, reducing 
correlations within RA, and ultimately reducing behavioral variability. Within RA, the extensive 
recurrent inhibition is likely to be critical for shaping its dynamical behavior and altering 
correlations between the RA projection neurons (Miller et al., 2017). 
 This model makes a number of experimentally testable predictions. First, increasing the 
strength of input to RA from HVC should reduce the behavioral effect of perturbations 
introduced by LMAN, as generated by electrical microstimulation within LMAN, for example 
(Kao et al., 2005). Second, increased drive to RA should decorrelate RA projection neurons. By 
combining population-level recordings of RA with manipulations of HVC and LMAN, future 
studies may test these hypotheses, and clarify the mechanisms underlying central contributions to 
acoustic variability. 
 
4.5. Parallels between cholinergic modulation of motor and other brain 
regions  
 Our findings also suggest parallels between the manner in which acetylcholine modulates 
motor and other brain regions. Broadly, acetylcholine has a well-established role in mediating 
widespread changes to brain activity observed in states of heightened arousal (Buzsaki et al., 
1988; Metherate et al., 1992), in general agreement with our observation that acetylcholine 
contributes to behavioral changes observed during courtship song¾a highly aroused behavior 
state¾via action on motor forebrain regions. The specific changes we observed to HVC activity 
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following dialysis of carbachol are also consistent with observations in other systems. We 
observed increased activity in HVC following local application of the cholinergic agonist 
carbachol, in general agreement with the excitatory effects of acetylcholine often observed in 
sensory brain regions (Thiele, 2013). In particular, acetylcholine has been shown to underlie 
increases in stimulus-driven activity that occur during more vigilant behavioral states, such as 
selective attention and locomotion (Fu et al., 2014; Herrero et al., 2008). Our finding that 
carbachol enhances low-frequency activity in HVC (below 10Hz) also bears some resemblance 
to observations that acetylcholine contributes to theta oscillations (2-10Hz) in the hippocampus 
(Gu et al., 2017; Vandecasteele et al., 2014). Paralleling our findings and those in sensory 
systems, acetylcholine has been shown to contribute to increased theta power observed during 
active behavioral states (Gu et al., 2017). Future studies may aim to determine the extent to 
which these apparent commonalities arise from conserved neural connectivity and dynamical 
behavior operating on a more fundamental level, e.g. specific connectivity motifs between 
defined neural cell-types (Chen et al., 2015).  
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